The annealing kinetics of extended defects in Si ϩ -implanted Si have been investigated by in situ annealing plan-view transmission electron microscopy ͑TEM͒ samples in a TEM. A ͗100͘ Czochralski-grown silicon wafer was implanted with 100 keV Si ϩ at the subamorphizing dose of 2ϫ10 14 cm
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The annealing kinetics of extended defects in Si ϩ -implanted Si have been investigated by in situ annealing plan-view transmission electron microscopy ͑TEM͒ samples in a TEM. A ͗100͘ Czochralski-grown silicon wafer was implanted with 100 keV Si ϩ at the subamorphizing dose of 2ϫ10 14 cm
Ϫ2
. Following implantation, the effect of annealing of 800°C was studied by in situ annealing. After 5 min of annealing at 800°C, a dense collection of both ͕311͖ defects (3 ϫ10 11 /cm 2 ) and small subthreshold dislocation loops (1ϫ10 11 
/cm
2 ) were observed. Upon subsequent annealing, the ͕311͖ defect density decreased rapidly and the loop density increased. The evolution of approximately 500 ͕311͖ defects could be followed as a function of annealing time. The unfaulting of a ͕311͖ defect was observed to be the source of every subthreshold loop observed to from ͑about 150 loops in the monitored region͒. After the initial 5 min anneal at 800°C, the probability of a ͕311͖ unfaulting into a loop was about 50%. Based on these observations, it is concluded that unfaulting of the ͕311͖ defects is the source of the subthreshold dislocation loops in nonamorphized ion-implanted silicon. 70% of the loops formed were determined to have a Burgers vector of a/3͗111͘, while 30% were perfect with a Burgers vector of a/2͗110͘. © 1998 American Institute of Physics. ͓S0003-6951͑98͒04251-X͔ As the dimension of Si microelectronic devices continue to decrease, it becomes increasingly important to understand how the point and extended defects evolve if shallow ion implanted junctions are to be realized. It has been known for several decades that ion implantation and subsequent annealing leads to the formation of dislocation loops which can lead to enhanced junction leakage. [1] [2] [3] These dislocation loops are extrinsic and are the result of ''precipitation'' of the excess interstitial population that exists after ion implantation. It is also known that rod-like ͕311͖ defects form upon annealing of self-implanted silicon. It has been shown that these ͕311͖ extended defects are a prime source of transient enhanced diffusion of dopants in silicon. 4 How these defects evolve is the subject of great interest in the IC industry as they provide important clues on how to model junction depths after ion implantation and annealing.
The source of the dislocation loops has been the subject of speculation for many years. Wu and Washburn 5 studied B-implanted Si by transmission electron microscopy ͑TEM͒. They observed that during annealing some small loops were growing up while the rod-shaped defects were dissolving. They suggested the dissolving rod-like defects were providing point defects for the growth of the extrinsic loops. Tan   6 proposed a theoretical homogenous nucleation model for defect evolution. According to this model, energetically favorable condensation of point defects leads to formation of ͕311͖ defects and eventually dislocation loops, however, there was no experimental evidence to verify the model. Eaglesham et al. 7 observed, by TEM, that several loops formed in a single row and suggested that the loops arise from the ͕311͖ defects unfaulting. However, there was no direct confirmation that the unfaulting of the ͕311͖ defect is the source of the dislocation loops. In this study, a series of micrographs were taken of the same region after in situ annealing in order to follow the evolution of the ͕311͖ defects and dislocations loops. It is shown quantitatively that the unfaulting of ͕311͖ defects is the source of the subthreshold dislocation loops.
Czochralski-grown ͑001͒ Si wafers were implanted at room temperature with Si ϩ ions at an energy of 100 keV and a dose of 2ϫ10 14 cm
Ϫ2
. This is below the amorphization threshold as confirmed by as-implanted cross-sectional TEM. After annealing at 800°C for 5 min in a furnace, plan-view transmission electron microscopy ͑PTEM͒ samples were made by mechanically grading the sample to ϳ100 m, then etching with an HF:nitric acidϭ1:3 solution from the backside. Micrographs were taken after this preanneal and then the sample was annealed in situ at 800°C using a Gatan heating holder on a JOEL 4000FX operating at 160 kV. The TEM images were taken under weak beam dark field g 220 two-beam diffraction condition. The temperature was calibrated using two methods including a mounted thermocouple and the dissolution rate of the ͕311͖ defects. 8 Comparison of the ͕311͖ dissolution rate with our measured values at different temperatures from conventional furnace annealing, indicates the temperature of the in situ furnace to be at 800°C Ϯ5°C.
8 These results also indicate there is not a measurable difference in dissolution rate between a sample annealed in a vacuum ͑in situ͒ and one annealed under flowing N 2 at this temperature. Figure 1 shows the evolution of the ͕311͖ defects as a function of annealing time at 800°C for samples annealed in situ in the TEM at 800°C. The ͕311͖ defects are the rodshaped defects while the loops are circular or elliptical. It is apparent from Fig. 1 that the ͕311͖ defects are dissolving and second that the dislocation loop density is increasing over the time interval between 5 and 40 min at 800°C. In particular one ͕311͖ defect is shown by arrows to appear to be dissolv-ing but in fact it has unfaulted into a loop. The results of the annealing can be quantified and is summarized graphically in Fig. 2 . This graph shows how the density of ͕311͖ defects and dislocation loops vary as a function of annealing time. It is apparent that when the ͕311͖ defects are dissolving fastest the dislocation loops are forming fastest. This would suggest there is a correlation between the two events. It is also apparent from the graph that the loop density over the annealing times studied increased from 1ϫ10 11 to 2.5ϫ10 . Meanwhile, the ͕311͖ density decreased from 3ϫ10 11 /cm 2 to less than 1ϫ10 9 /cm 2 . The decrease in ͕311͖ density is greater than the increase in loop density. By dividing the dislocation loop density after 5 min by the final dislocation loop density ͑defined as when all of the ͕311͖ defects have disappeared͒, it is apparent that 40% of the dislocation loops formed in the first 5 min of annealing.
To further study this process, the evolution of approximately 300 individual ͕311͖ defects and 200 dislocation loops was followed on a defect by defect basis as a function of annealing time. From such studies, it was observed that every dislocation loops that formed over the annealing times studied ͑between 5 and 40 min͒ came from the unfaulting of a ͕311͖ defect. This is the first quantitative evidence that the unfaulting of a ͕311͖ defect is the source of a subthreshold dislocation loop.
If we now return to the density counts in Fig. 2 , the density of ͕311͖ defects dissolving was about 3ϫ10 11 /cm 2 , while the density of loops forming was about 1.5 ϫ10 11 /cm 2 . Thus after 800°C annealing for 5 min, the probability of a ͕311͖ defect eventually unfaulting into a loop was about 50%. It should be emphasized that these implants were nonamorphizing, therefore the conclusions apply only to loop formation at the projected range of nonamorphizing implants. The source of the loops in the end-of-range region for amorphizing implants may as well be the unfaulting of ͕311͖ defects but this need to be verified. It is also clear from Fig.  2 that a substantial fraction ͑40%͒ of the total loop density forms in the first 5 min of annealing. Because every loop observed to form, after the first 5 min, was associated with a ͕311͖ defect unfaulting, it is expected that this reaction may occur for shorter times as well. Future unfaulting studies at shorter times and lower temperatures will attempt to study the ͕311͖ nucleation process as well as the loop formation process to ascertain the role of the unfaulting reaction in the formation of the loops formed in the first five minutes of annealing.
A quantitative analysis of the trapped interstitials in the defects is shown in Fig. 3 . The quantification procedure for both the ͕311͖ defects and the dislocation loops has been reported previously. 4, [9] [10] [11] Figure 3 shows that approximately 6ϫ10 13 /cm 2 interstitial are trapped in ͕311͖ defects and about 2ϫ10 13 /cm 2 interstitial are trapped in the loops after annealing at 800°C for 5 min. Combined this is 40% of the implanted dose or a plus 0.4 dose of trapped interstitial. 12 Upon further annealing, the concentration of interstitials in the ͕311͖ decreases as they unfault and dissolve. Meanwhile, the concentration in the loops increases because of the unfaulting and trapping of interstitials released by the ͕311͖ defects. The increase in interstitial bound by loops is less than the dose in the ͕311͖ defects, which means there is still net release of interstitials even when loops form. This is consistent with the observation that transient enhanced diffusion still occurs above the loop formation threshold for nonamorphizing implants. Over the course of the annealing times in this study ͑up to 800°C 40 min͒ none of the dislocation loops were observed to dissolve. However, unpublished in situ studies have shown that with increasing time or temperature some loops will dissolve and they may well be an additional source of TED.
In order to study the unfaulting reaction further, a g.b analysis of the Burgers vectors of the dislocation loops was performed for a sample annealed at 800°C for 30 min. It was determined that both faulted ͑Frank͒ loops with a Burgers vector of a/3͗111͘ and perfect dislocation loops with a Burgers vector of a/2͗110͘ were formed. Eaglesham et al. 4 observed the formation of Frank loops after what appeared to be the unfaulting of a single ͕311͖ defect for a 145 keV Si implant at a dose of 2ϫ10 14 /cm 2 and annealing at 900°C for 15 min. Our analysis of ten defects indicated that 70% of the observed loops were Frank loops while ϳ30% were perfect loops. Determination of the Burgers vector of the ͕311͖ defect has been the subject of several studies 9 and best estimates indicate the vector is around a/21͗116͘. This implies that the possible direct unfaulting reactions include for Frank loop formation:
For the direct formation of a perfect loop, the reaction would be a/21͓116͔ϩa/42͓19,2,9͔ϭa/2͓101͔.
The energetics of the partial dislocation formation is such that the formation of the perfect loops is slightly less favorable than the formation of the Frank loop. This might help to explain the distribution of loop types.
In conclusion, the annealing kinetics of Si ϩ -implanted Si have been investigated by in situ high temperature electron transmission microscopy. It has been shown quantitatively, that the unfaulting reaction of the ͕311͖ defect is the source of the subthreshold dislocation loops that form after the first 5 min of annealing at 800°C. These results imply there are two evolutionary paths the ͕311͖ defects can follow upon annealing, dissolution, or unfaulting. The probability of a ͕311͖ defect unfaulting after the first 5 min of annealing is around 50%. This suggests that for systems in which ͕311͖ dissolution is the dominant source of transient enhanced diffusion ͑i.e., Si ϩ implants into Si͒, the competing reaction of dislocation loop formation by ͕311͖ unfaulting would result in a saturation of TED with increasing dose.
